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Magnetic properties of ultrathin fcc Fe overlayers on Ni/Cu~100! have been determined to study the influ-
ence of a magnetic interface. Three regions of different magnetic behavior are distinguished by magneto-optic
Kerr ellipsometry, in line with previous studies of Fe/Co/Cu~100! and Fe/Ni/Cu~100!. These magnetic states
are closely related to the film structure. Above 10 monolayers ~ML!, the iron films are homogeneously
magnetized and adopt the bcc phase. Very thin films up to 2.5 ML are homogeneously magnetized as well but
show an fcc structure in conjunction with a (431) reconstruction. The most complex magnetic properties
characterize Fe films between 5 and 10 ML. In this thickness range the iron films are not homogeneously
magnetized. Instead ferromagnetism is only observed at the Fe film surface and the Fe/Ni film interface. The
surface magnetization is apparently correlated with an enlarged atomic volume at the surface and a (231)
surface reconstruction. Additionally, the magnetic Ni substrate induces ferromagnetic order in the Fe film at the
Fe/Ni interface. The coupling of the two ferromagnetic portions of the film shows a strong temperature
dependence. This is attributed to the temperature dependence of the bilinear and biquadratic exchange cou-
pling. At low temperature an antiferromagnetic coupling between the two ferromagnetic portions is observed.
With increasing temperature this is followed by a canted spin arrangement and finally a ferromagnetic cou-
pling. @S0163-1829~99!07041-1#I. INTRODUCTION
The discovery of giant magnetoresistence1 and the poten-
tial impact of magnetic random access memories have
spurred a surge of research into magnetism of thin films and
interfaces. Tailoring of magnetic properties of multilayers is
one of the prime research goals. Different approaches have
been adopted to achieve this aim including a tailoring of film
structures and the related magnetic properties.
Ultrathin iron films grown on Cu~100! exhibit a rich va-
riety of structural and magnetic phases.2–12 With increasing
iron film thickness three different structural modifications are
observed. Up to 11 ML Fe, two different fcc phases are
stabilized. The first one exists up to 5 ML and is character-
ized by ferromagnetic order, an enlarged atomic volume of
12.1 Å3, and a particular reconstruction pattern indicative of
structural instability.3 For Fe films between 5 and 11 ML,
only the first two layers show an enlarged atomic volume of
12.1 Å3 and ferromagnetism.5–7 The interior of the film has
an atomic volume of 11.4 Å3 and presumably shows antifer-
romagnetic interlayer coupling8. The transition to the stable
bcc phase of iron is observed above 11 ML.9–11 The transi-
tions between the structural and magnetic phases depend
both upon growth temperature and base pressure.5,13
Such a situation is ideal to explore the possible role of a
magnetic interface on the structure and magnetism of thin
films. Indeed, a number of interesting observations have
been made for Fe films deposited on either Co or Ni films on
Cu~100!.14–18 O’Brien and Tonner studied Fe films on Ni
and Co on Cu~100! ~Refs. 14,15! and found a magnetic be-
havior at room temperature which closely resembles the be-PRB 600163-1829/99/60~18!/12945~5!/$15.00havior of Fe/Cu~100!. Below 5 ML, the iron films couple
ferromagnetically on Ni/Cu~100!. Between 5 and 11 ML, the
Fe films only possess a ferromagnetic live layer at the Fe/Ni
interface but none at the surface.14 In this thickness range, Fe
films on Cu~100! showed magnetically live layers at the sur-
face below 270 K which were correlated to an enlarged
atomic volume and a (231) reconstruction at the surface.
We have studied the growth and structure of Fe on
Ni/Cu~100!.19 In particular between 5 and 11 ML, the films
showed a (231) surface reconstruction and a quantitative
low-energy electron diffraction ~LEED! I~V! analysis re-
vealed an enlarged atomic volume of 12.1 Å3 at the film
surface while the film interior had an atomic volume of
11.4 Å3.19 Based on the close correlation between structure
and magnetism, the Fe films on Ni/Cu~100! should also have
magnetically live surface layers. Measurements at room tem-
perature did not find any evidence for surface magnetism for
Fe/Co/Cu~100! and Fe/Ni/Cu~100!.14–17 Instead in both cases
magnetic Fe layers at the interface were observed. Recently,
Schmitz et al.18 investigated magnetism of Fe/Co/Cu~100! at
110 K and room temperature. These measurements confirm
the existence of a magnetic layer at the interface. In addition,
the magnetic circular dichroism data reveal that the Fe film
surface is ferromagnetic as well at 110 K. Both ferromag-
netic Fe films couple ferromagnetically to each other at low
temperatures.
In this paper we present our data for the magnetic prop-
erties of Fe films on Ni/Cu~100!. Particular emphasis is
placed on the film thickness range between 5 and 11 ML Fe,
where we expect to find magnetically live surface layers.
Temperature dependent measurements were performed to12 945 ©1999 The American Physical Society
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the Fe films. In the next section we give a short description
of the experimental setup. In the third section the results of
the magnetic investigations of the Fe/Ni/Cu~100! system are
presented. In Sec. IV a discussion and comparison with pre-
vious results can be found. The last section contains a short
summary.
II. EXPERIMENT
The experiments were performed in an ultrahigh vacuum
chamber equipped with several facilities for preparation and
characterization of thin films including Auger electron spec-
troscopy ~AES!, medium energy electron diffraction
~MEED!, LEED, and magneto-optic Kerr ellipsometry
~MOKE!. Only a brief description of the system, the prepa-
ration of the sample, and the characterization of the growth
and the film structure will be given here because the appara-
tus and the sample treatment have already been presented
elsewhere.20 The results of our growth and structure investi-
gation are found in Ref. 19. The base pressure of the cham-
ber is 631029 Pa. Prior to film deposition the copper ~100!
crystal was cleaned by Ar1 sputter and annealing cycles. The
films of iron and nickel were deposited from small disks of
high purity ~Fe 99.99%, Ni 99.98%! by thermal evaporation
with a typical evaporation rate of 0.3 ML/min. During the
evaporation the residual gas pressure was below 2
31028 Pa. The thickness of the films was controlled by
AES and MEED oscillations which allow a high precision in
thickness determination. Most of the samples were deposited
with a wedgelike thickness variation. The thickness profile of
such films was determined by the Auger electron intensity
ratio. Using wedges not only warrants identical growth con-
ditions for different film thicknesses but also allows the pre-
cise determination of thicknesses where magnetic properties
are changing.
During the deposition of the Ni film the sample was kept
at 350 K to improve the film quality. Fe was subsequently
deposited at a sample temperature of 300 K. For the MOKE
measurements a He-Ne Laser with a wavelength of 632.8 nm
was used as a light source. While a few test measurements
were also recorded in polar geometry most hysteresis loops
were recorded in the longitudinal direction with an angle of
incidence of 65° with respect to the surface normal. These
two different geometries differ by a factor of 6.3 in
sensitivity.21,22 The Kerr effect was measured employing a
null ellipsometer with polarizer-sample-compensator-
analyzer arrangement. A maximum field of 500 Oe could be
applied which was aligned parallel to the fcc@001# direction.
This is the easy axis of the system. Most hysteresis loops
were recorded at a sample temperature of 110 K but mea-
surements were also performed up to 400 K.
III. RESULTS
To be able to subtract the contribution of the Ni films
from the magnetic signal, MOKE data were measured for 7
ML Ni on Cu~100!. In polar geometry no magnetic response
was measured for applied fields up to 500 Oe. In longitudinal
geometry a small hysteresis is observed @Fig. 1~a!#. A small
saturation magnetization (M s) of 3.161.4 mrad and a weakcoercive field of 8.8 Oe are found. Due to the low value for
M s , the data show considerable scatter. The weak signal is
not only caused by the smaller magnetic moment of Ni com-
pared with Co and Fe. It is also caused by the rather weak
magneto-optic interaction of Ni. The results described above
are in line with previous findings. A coercive field of ap-
proximately 20 Oe has been reported by Wu et al.23 and of
approximately 7.5 Oe by O’Brien, Drobay, and Tonner.14
The spin-reorientation transition for Ni/Cu~100! has been ob-
served by Wu et al.23 and Bochi et al.24 to occur between 7
and 8 ML of Ni. The saturation magnetization below the
transition is approximately 5 mrad,23 in reasonable agree-
ment with our finding.
A large number of hysteresis loops was recorded at 110 K
for Fe layer thicknesses up to 10 ML deposited on 7 ML Ni
on Cu~100!. A selection of these data is shown in Fig. 1. The
first two hysteresis loops were taken at 1.76 and 2.36 ML.
Both curves have a rectangular shape. The magnetization
signal increases from nearly 60 to 80 mrad. The next four
loops show the thickness range between 4.4 and 8.92 ML.
They have a reduced M s signal in comparison with the first
two loops. The M s values are nearly constant and lie be-
tween 25 and 30 mrad. The coercive field is also nearly con-
stant at a low level, with the exception of the 5.34 ML thick
Fe film, which exhibits a larger value ~Fig. 1!. The last loop
of Fig. 1 shows a typical hysteresis curve for the Fe thick-
ness range above 9.7 ML. In this thickness region both the
FIG. 1. Longitudinal MOKE hysteresis loops of the system Fe/
Ni/Cu~100! in the Fe thickness range between 0 and 9.91 ML Fe
measured at 110 K. The Ni thickness is always 7 ML. The last loop
measured for 9.91 ML Fe has been rescaled.
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matically. Please note that both axes in the plot ~Fig. 1! have
been rescaled in comparison with the other diagrams. The
form of the loop is nearly rectangular with only a small dif-
ference between the saturation magnetization and the rema-
nence.
The saturation magnetization M s and the coercive field
Hc are plotted against the film thickness in Fig. 2. This pre-
sentation shows three different regimes of magnetic behav-
ior. The corresponding film structure is depicted as well. In
the thickness regime up to approximately 2.5 ML, the satu-
ration magnetization increases linearly. This is indicative for
a homogeneously magnetized Fe film. For these thicknesses
a (431) reconstruction is observed. After a decrease of
magnetization with increasing thickness a rather constant
magnetization is observed between 4.5 ML and 9.7 ML,
which is accompanied by an fcc phase with (231) surface
reconstruction. Above 9.7 ML the magnetization increases
drastically and quickly reaches values of 300 mrad around
10 ML. Similar magnetization values have also been re-
corded for Fe/Cu~100!. The coercive field also increases
drastically upon the phase transition to bcc iron and shows a
maximum coercivity around 300 Oe. Much weaker maxima
are observed for smaller thicknesses. A first maximum oc-
curs around 2.5 ML, where we have previously observed the
phase transformation from a (431) phase at small thick-
nesses to a (231) structure at larger thickness. A second
maximum is observed around 5.3 ML. The inset in Fig. 2
shows the enlarged behavior of M s between 4.5 and 10 ML
Fe. This is the thickness regime we are most interested in,
since for these films we expect both ferromagnetically live
surface and interface layers. This is in line with the constant
FIG. 2. Thickness dependence of the Kerr ellipticity at satura-
tion (M s) and the coercive field (Hc) for the system Fe/Ni/Cu~100!.
The inset in the upper diagram shows a magnification of the satu-
ration magnetization for the Fe thickness range between 4.5 and 10
ML. The data have been measured at 110 K.magnetization observed in this thickness regime. On the
other hand, we only observe a rather low value for M s .
Comparing the magnetization of 3065 mrad in this range
with the homogeneously magnetized films at 2.4 ML
(’80 mrad) and at 10 ML (’300 mrad) implies that less
than 1 ML is ferromagnetic, assuming a similar magnetic
moment compared with films in regions I and III.
To obtain a better understanding of this behavior we have
measured the temperature dependence of the saturation for a
5.3 ML thick film. The corresponding data up to 300 K are
displayed in Fig. 3. Interestingly enough, in this figure four
different regions are clearly visible. In the first range up to
approximately 210 K, the Kerr ellipticity remains nearly con-
stant at a level of ’23 mrad. In the second temperature
range between 210 and 230 K, a clear decrease in M s is
observed down to 9 mrad. Between 230 and 240 K, a sharp
jump in the signal is visible. At the temperature of 240 K the
ellipticity signal has increased to 36 mrad. In the third range
between 240 and 270 K, the magnetization shows a strong
decrease down to a saturation level of 18 mrad. It remains
nearly constant for the last two data points measured above
270 K. This temperature dependence gives evidence for a
complex magnetic order of the iron films.
IV. DISCUSSION
Comparing the magnetic behavior of Fe/Ni/Cu~100! with
previous measurements for Fe/Cu~100! shows pronounced
similarities but also interesting differences. In both cases
three regimes with different structural and magnetic proper-
ties are observed. Above 10 ML Fe, a bcc phase is observed
which is homogeneously magnetized and shows in-plane
magnetization on Cu~100! and Ni/Cu~100!. Below this thick-
ness, a broad regime exists where the magnetization is small
and constant on both substrates. While the magnetization is
perpendicular to the surface on Cu~100!, an in-plane magne-
tization is found on Ni/Cu~100!. This is related to the mag-
FIG. 3. Temperature dependence of the Kerr ellipticity at satu-
ration of the Fe/Ni/Cu~100! system for a 5.3 ML thick Fe film. In
the bottom a model for the temperature dependence of the magne-
tization of the 5.3 ML thick film. Four regions with different mag-
netic coupling are displayed. The second region is characterized by
a canted spin arrangement where the magnetic moments of the fer-
romagnetic Fe surface layer and the ferromagnetic Fe/Ni interface
are no longer collinear. This is indicated by the reduced length of
the arrows in this thickness range, which describes the component
of magnetization parallel to the applied field.
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Tonner have deposited Fe on slightly thicker Ni films which
exhibit perpendicular magnetization caused by a strain-
induced spin reorientation.14 In their case, a perpendicular
magnetization of the iron film is observed. This implies that
the magnetization direction of the iron film is controlled by
the magnetic anisotropy of the underlying Ni film.
For low Fe film thicknesses a third phase exists. It is
characterized by a homogeneous magnetization in the entire
film and is accompanied by a (431) superstructure on Ni/
Cu~100!. On Cu~100!, this iron phase shows a (431) and
(531) reconstruction. While this phase only exists up to 2.5
ML on Ni/Cu~100!, it can be observed up to 4 ML on
Cu~100!. The magnetization of this phase is perpendicular on
Cu~100! and in plane on Ni/Cu~100! for the Ni film thickness
we have chosen. Again this is attributed to the influence of
the magnetization direction of the Ni film. The differences in
magnetic anisotropy of the films make a quantitative com-
parison of magnetization levels difficult. The measured Kerr
signal depends strongly upon magnetization orientation.
Comparing the sensitivity of MOKE for the polar and longi-
tudinal geometry shows a difference by a factor of nearly
6.3.22 We have multiplied the data displayed in Fig. 2 with
this value to compare them with the previously reported data
for Fe/Cu~100!.5 For the Fe/Cu~100! system a gradient of
235615 mrad/ML has been reported in the first thickness
range.13 If we rescale the observed magnetization for Fe/Ni/
Cu~100! with the corresponding sensitivity factor we obtain
a gradient of 223611 mrad. This is evidence for a similar
magnetic moment of the iron atoms on the Ni/Cu~100! sub-
strate.
The magnetization in region II is approximately 300 mrad
for Fe/Cu~100!.5,13 This corresponds to 1.3 ML of ferromag-
netic Fe assuming a similar magnetic moment per atom in
regions I and II. Applying this concept to Fe/Ni/Cu~100! as
well we derive a magnetic thickness of 0.9 ML, again assum-
ing a similar magnetic moment in regions I and II for Fe/Ni/
Cu~100!. The constant magnetization in region II is not in
line with a homogeneously magnetized Fe film. On the con-
trary, the data can only be explained by a small and constant
number of ferromagnetic Fe layers. It is reasonable to as-
sume that these ferromagnetic layers are either located at the
film surface or the Fe/Ni interface. Without additional mea-
surements, however, it is not possible to identify the position
of the ferromagnetic layers. The required additional informa-
tion can be derived from the temperature dependent measure-
ment displayed in Fig. 3 in conjunction with previous stud-
ies. We will start by discussing the magnetization around
300 K. For these temperatures we observe an almost tem-
perature independent magnetization. Previous measurements
on both Ni/Cu~100! and Co/Cu~100! only find a ferromag-
netic coupling at the Fe/Ni and Fe/Co interface at room tem-
perature. Hence, it is very reasonable to assume that the mag-
netization around 300 K is only caused by the ferromagnetic
Fe layers coupling to the underlying Ni substrate. Since the
Ni films have a Tc considerably above 300 K, the observed
Fe interface magnetization is almost constant around 300 K.
The much higher signal at 240 K can only be explained by
an additional contribution. The most plausible assumption is
that this contribution comes from ferromagnetic surface lay-
ers. On Cu~100! the magnetic live surface layers have a Cu-rie temperature of 270 K.5,25 This would explain the strong
decrease of magnetization around 250 K for Fe/Ni/Cu~100!.
Indeed, a very similar result has been derived from MXCD
~magnetic circular dichroism in x-ray absorption spectros-
copy! measurements of Fe/Co/Cu~100! at 110 K. These data
have been explained by ferromagnetically live surface and
interface layers which couple ferromagnetically. This does
not yet explain the almost constant and rather small magne-
tization up to 200 K and the step decline above 200 K. The
only plausible assumption is a temperature dependent cou-
pling between the two ferromagnetically live layers. At low
temperatures the ferromagnetic surface layer couples antifer-
romagnetically to the ferromagnetic interface layer. This ex-
plains why the saturation magnetization is smaller than for
Fe/Cu~100!. Around 200 K this coupling becomes fairly
weak. Interestingly enough, in previous studies of Fe/
Cu~100! Li et al. found evidence for an antiferromagnetic
coupling in the interior of Fe films on Cu~100! in the thick-
ness range between 5 and 10 ML.8 The Fe films showed a
Nee´l temperature of 200 K.8 At this temperature we observe
a strong decrease in magnetization which might be correlated
to the disappearing antiferromagnetic coupling.
The resulting model for the magnetic states at different
temperatures is displayed in Fig. 3. The model possesses two
characteristic features: ferromagnetic Fe layers at the film
surface and the film interface and a temperature dependent
coupling. The magnetic order at the interface comes as no
surprise. Similar observations have been reported previously
for Fe/Co/Cu~100! ~Refs. 15,17! and Fe/Ni/Cu~100!.14 A fer-
romagnetic layer at the surface has previously been found for
Fe/Co/Cu~100!.18 The same magnetic phase is also found on
Cu~100!. There it is accompanied by a (231) surface recon-
struction and an enlarged atomic volume at the surface.
Since the same structure is also found for Fe/Ni~100!, a mag-
netic surface layer is also expected in this case. The most
intriguing finding is the temperature dependent coupling of
the two ferromagnetic layers. In a previous study of Fe/Co/
Cu~100! evidence for a ferromagnetic coupling only has
been found.18 Here we find an antiferromagnetic coupling
below 200 K and a ferromagnetic coupling above 240 K. In
addition, the magnetization is strongly reduced between 200
K and 240 K. This implies that the magnetic coupling be-
tween the two ferromagnetic iron layers is temperature de-
pendent. Two different coupling terms, the bilinear coupling
and the biquadratic coupling, govern the strength and the
sign of the magnetic coupling. Usually the bilinear coupling
is the dominating term. A positive bilinear exchange favors
an antiparallel ~antiferromagnetic! coupling, while a negative
bilinear exchange favors ferromagnetic coupling. This sug-
gests that up to 200 K, the magnetic coupling between the
iron films is dominated by a positive bilinear exchange while
the behavior above 240 K can be explained by a negative
bilinear exchange. Figure 3 ~bottom! shows a schematic of
the magnetic coupling in the different temperature regimes.
Recently a number of studies have addressed the strength
and temperature dependence of the bilinear and biquadratic
coupling.26,27 These studies show for NiFe/Cu multilayers a
crossover from antiferromagnetic to ferromagnetic coupling
as the temperature is lowered below 200 K.26 In addition,
they observe a low-field magnetoresistance minimum which
is attributed to an asymmetric canting of the moments away
from the applied field. The canting is related to a strong
PRB 60 12 949ANTIFERROMAGNETIC COUPLING IN fcc Fe . . .biquadratic coupling. Indeed, a pronounced biquadratic cou-
pling between 200 and 240 K could explain the low level of
magnetization observed in this temperature range. A recent
study reveals that above the Nee´l temperature a regime exists
where the biquadratic coupling is considerably enhanced.27
As mentioned above, a Nee´l temperature of 200 K has been
observed in previous studies of 5–10 ML Fe films on
Cu~100!. This could be correlated with a strong contribution
from the biquadratic coupling and would explain the de-
crease of magnetization above 200 K.
V. SUMMARY
Magnetic properties of Fe films on Ni/Cu~100! have been
measured between 110 K and 300 K. With increasing thick-
ness three different magnetic phases are observed which are
closely related to the film structure. Above 10 ML a bcc iron
film is formed which is homogeneously magnetized and has
an in-plane anisotropy. Up to 2.5 ML, the Fe film shows a
(431) superstructure only and is homogeneously magne-tized with in-plane anisotropy as well. The most complex
magnetic behavior is found for iron films between 5 and 10
ML. In this thickness region the Fe films are ferromagneti-
cally ordered at the surface. The ferromagnetic surface layers
show an enlarged atomic volume and a (231) reconstruc-
tion, in line with previous findings for Fe/Cu~100!. Ferro-
magnetism is also found at the interface while the interior of
the Fe film does not show ferromagnetism. Nevertheless, the
two ferromagnetic Fe layers couple through the interior of
the Fe film. This magnetic coupling shows a strong tempera-
ture dependence which leads to both antiferromagnetic and
ferromagnetic coupling as well as a canted spin arrangement.
This temperature dependence is attributed to the temperature
dependence of the bilinear and biquadratic contribution to
the exchange coupling.
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